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ABSTRACT 
Optical sensing techniques are being employed in widespread applications 
ranging from aerospace to electronics, process control and medicine. Optical 
biosensors are desirable in various clinical applications for their greater 
sensitivity, electrical passivity, wide dynamic range and high spatial resolution. 
Optical biosensors such as laser interferometers and optical fiber sensors can be 
incorporated for the real time measurement of biofluid parameters.  
Various applications in medicine such as blood monitoring in 
hemodialysis require the monitoring of multiple biofluid parameters. As multiple 
monitors are needed for sensing, the sensor becomes bulky and costly. Miniature 
optical sensors based on elastomers are best suited for this purpose. Sensors 
based on deformable elastomeric materials have several benefits such as greater 
sensitivity, high spatial resolution, reliability and low cost.  
The Multifunctional Elastomeric Grating Sensor (EGS) presented in this 
thesis is fabricated using elastomeric materials. The EGS is made by integrating 
a two-dimensional (2D) diffraction grating inside a hemispherical chamber. The 
sensing mechanism of the EGS is based on the diffraction of light. The laser 
beam passing through the 2D grating and the fluid inside the chamber is 
diffracted. The diffraction angle and the power of diffraction orders are used to 
compute the biofluid parameters. This sensor can be used for real time 
monitoring of glucose concentration, refractive index, pressure and opacity of the 
fluid.  
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In future, the EGS will also be useful in highly sensitive temperature 
measurements. This device is being tested for more advanced biological 
experiments such as DNA hybridization and enzyme-linked immunosorbent 
assay (ELISA). This simple, compact and low cost device has an enormous 
potential for future use in various clinical applications such as blood monitoring 
in hemodialysis. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Biosensors: Principles and Applications 
Biosensing devices have a wide range of applications in medicine, environmental 
monitoring, agriculture, biotechnology and as well as in the military. Various 
definitions and terminologies are being used for biosensors depending on the field 
of application. A biosensor can be defined as a sensing system specifically 
designed for the estimation of material properties by accessing the biological 
interactions with the help of a transduction mechanism [1].  
A biosensor generally comprises two major components, a bioreceptor and 
a transducer. The interaction of the analyte with bioreceptor produces an effect 
which is measured by the transducer and converted into a measurable form. 
Biosensors are classified either by their transduction type or by their bioreceptor. 
Bioreceptors are biological species such as antibodies, enzymes, proteins or living 
biological systems that utilize a biochemical mechanism for recognition. The 
transducer converts the biorecognition event into a measurable signal. 
Transduction can be achieved through various methods but the most extensively 
used transduction mechanisms are optical, electrochemical and mass-sensitive [2]. 
Figure 1.1 demonstrates the conceptual principle of biosensing phenomena.  
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Figure 1.1: Conceptual diagram of the biosensing principle. 
 
The development and commercialization of biosensors are still at an early 
stage due to both the high cost and the technical complexities involved. However, 
the advent of nanotechnology has spurred remarkable progress in biosensing over 
the past few years and promises to surmount many of the challenges associated 
with biosensors. Nanostructural wonders provide the ability to manipulate and 
detect target species with improved resolution, even at the scale of individual 
molecules. Recent advances in the nanoscale fabrication and imaging techniques 
have led to the development of nanobiosensors that are suitable for intracellular 
measurements [3].  
Nanobiosensors are made up of nanomaterials; these materials have one of 
their dimensions in the range of 1 to 100 nanometers. Nanostructured materials 
exhibit some unique properties due to their nanoscale dimensions as compared to 
bulk materials.  The use of nanomaterials and nanostructures has significantly 
improved the performance of biosensors through new sensing and transduction 
mechanisms [3]. 
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Biosensors have been used in medicine and diagnostics for biological 
detection of disorders like cancer, diabetes, allergic responses and many other 
disorders on the basis of serum analysis. Indeed, all of these are highly acute 
health problems. The advent of biosensors has greatly improved the diagnosis of 
all these deadly diseases [2]. Several applications in medicine and diagnostics 
require monitoring of multiple biofluid parameters. Miniature optical biosensors 
are best suited for this purpose. The following section provides a brief 
introduction and applications of optical biosensors in medicine. 
1.2 Optical Biosensors 
 
Optical sensing techniques are being employed in widespread applications 
ranging from aerospace to electronics, process control and medicine. Optical 
biosensors are desirable in various clinical applications for their greater 
sensitivity, electrical passivity, wide dynamic range and high spatial resolution 
[4]. Optical detection offers the largest number of possible transduction 
mechanisms. This is due to the fact that optical biosensors can utilize several 
optical interactions such as absorption, fluorescence, Raman, surface-enhanced 
Raman scattering [SERS], refraction and diffraction to measure different 
properties of target species [2]. Optical sensors are based on detecting the changes 
in the wavelength, intensity, phase or polarization of the light. The most common 
types of optical biosensors utilize surface plasmon resonance, optical fiber and 
waveguide sensors. 
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The fiber optic sensors are commercially available for various medical 
applications. Fiber optic sensors are based on principle of total internal reflection 
and evanescent field. Light propagates through the optical fiber by total internal 
reflection and produces evanescent field at the interface of core and cladding. 
These sensors have been exploited in monitoring several parameters with a single 
instrument [4]. Other common types of optical sensors are surface plasmon 
resonance (SPR) biosensors. Surface plasmon resonance is a unique transduction 
mechanism, which has been commercially employed for optical biosensors. SPR 
biosensors are based on the evanescent field at the interface of metal and 
dielectric. SPR biosensors have become a commercial label-free tool for 
characterizing bimolecular interactions and detection of DNA or protein [5]. 
These sensors offer faster response time, label free detection and real time 
measurements. Another type of biosensors, planar wave guided biosensors, have 
the principle similar to the optical fiber biosensors. Planar optical waveguides 
provide robust and versatile transduction sensor platforms for the rapid and 
sensitive analysis of complex medical and environmental samples. These sensors 
can be used for simultaneous detection of multiple analytes using a single 
waveguide transducer [6].  Waveguide sensors are more robust in integration to 
other optical components. 
Optical biosensors such as laser interferometers and optical fiber sensors 
are being used for the real time measurement of various biofluid parameters such 
as refractive index and glucose concentration. Transmission diffusion 
spectroscopy can be used to monitor the whole blood in hemodialysis. In addition 
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to this, mechanical properties such as pressure can be measured using deformable 
optical materials [7].  
1.3 Elastomeric Grating Sensor (EGS)  
Various applications in medicine such as blood monitoring in hemodialysis 
require measurement of multiple biofluid parameters such as arterial and venous 
pressure and concentration of waste and dialysate.  The hemodialysis machine 
pumps the blood as well as the dialysate through a dialyzer. The operational 
system of the hemodialysis machine consists of a complex array of controllers, 
detectors and monitors to measure multiple biofluid parameters [8]. Because 
multiple sensors and monitors are needed, the hemodialysis system is very bulky 
and costly. Miniature optical sensors such as the elastomeric grating sensor (EGS) 
can be best suited for this purpose. This compact and low cost sensor can be 
useful for real time monitoring of various biofluid parameters such as glucose 
concentration, refractive index, pressure and opacity [7]. The working principle of 
this sensor is based on diffraction of light. The elastomeric grating sensor (EGS) 
presented in thesis is an optical biosensor fabricated using deformable materials.  
Sensors based on deformable materials have numerous benefits such as greater 
sensitivity, high spatial resolution, ease in manufacturing, high reliability and low 
cost [9].  
1.4 Statement of Work 
A multifunctional biofluid sensor for monitoring multiple biofluid parameters has 
been developed. This system is useful for monitoring of various parameters such 
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as refractive index, pressure and opacity. This small sensor will alleviate the use 
of bulky systems such as laser interferometer or step index fiber.  
This thesis is organized into five chapters. The basic principle and 
applications of biosensors are discussed in Chapter 1. Chapter 2 of this thesis 
describes the basic concepts in diffraction sensing and introduction to the 
elastomeric materials. This foundation is used to describe the theory, fabrication 
and applications of EGS in Chapter 3. Chapter 4 presents the design modification 
in the previous system to incorporate two major improvements. The first 
improvement is shifting and broadening the dynamic measurement range of 
refractive index sensing and the other is the separation of refractive index and 
opacity sensing.  
A summary of the described work and recommendations for future 
applications are discussed in Chapter 5. 
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CHAPTER 2 
 
BACKGROUND 
 
The sensing mechanism of the elastomeric grating sensor (EGS) is based on the 
diffraction of light. The laser beam passing through the diffraction grating and the 
fluid inside the chamber is diffracted. The diffraction angle and the power of 
diffraction orders are used to compute the biofluid parameters. This chapter will 
describe the underlying principles and theory of diffraction sensing. A brief 
introduction to the elastomeric materials used in the fabrication of diffraction 
grating sensor is also provided in this chapter.  
2.1 Diffraction Sensors 
 
Quantification and detection of analytes is the principal focus of biosensors. A 
common approach for detecting analytes such as biological molecules is to use 
immunoassays, which utilize the binding of antigens to their complementary 
antibodies for the detection of molecules. However, the detection of antigen-
antibody binding requires many sample processing steps [10]. The sample 
processing can be minimized by using diffraction based sensors which can be 
used to detect many different kinds of analytes [11].  
In diffraction based sensors, the binding of the target molecules with the 
analyte results in the increased intensity of the diffraction spots. This simple 
mechanism allows the diffraction sensors to detect a wide range of analytes 
without major modification in the sensing system. The advantage of using 
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diffraction based sensors is obvious as compared to immunoassays. Most of the 
ubiquitous immunoassays involve labeling the desired analyte for detection 
purpose [11]. This extra processing of the target molecule makes the use of 
immunoassays labor intensive and time consuming.  
One of the greatest benefits of diffraction based sensors is their ability to 
be applied to a wide range of analytes. Furthermore, there are a number of 
materials with which the diffraction gratings can be made. The diffraction based 
sensors have been used to analyze proteins [11], cells  [12] and DNA [13]. 
The underlying principle of diffraction sensors is based on the diffraction 
pattern of the light that illuminates the target analyte. Diffraction is a well-known 
wave phenomenon and diffraction patterns are formed due to the obstruction in 
the path of the wavefronts. When these wavefronts intersect with one another, 
they may constructively or destructively interfere and form patterns, called 
diffraction patterns, on the screen. Diffraction optical sensors measure the power 
or angle of the diffracted light from the diffraction grating. 
2.2 Diffraction Theory of Light 
 
Diffraction is a phenomenon of substantial importance in various fields of 
engineering and physics. Light bends or deviates when the wavefront encounters 
an obstacle or small opening. This phenomenon is known as diffraction of light. 
Diffraction takes place when light waves passes through small apertures, around 
obstacles, or by sharp edges. The diffraction effects become more evident when 
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the size of the obstacle or aperture becomes comparable to the wavelength of 
light.  
Figure 2.1 demonstrates the geometry for diffraction of light through a 
narrow slit of width a. Light from a monochromatic source incident on the slit is 
diffracted and forms a diffraction pattern on the screen. Each portion of the slit acts 
as a source of light according to Huygens’s principle. The humps in Figure 2.1 give 
a rough idea of the intensity variation of the diffracted light while the dark and 
bright regions sketched to the right simulate the fringe pattern of the diffracted 
light. 
 
 
Figure 2.1: Diffraction pattern from a single slit. Adapted from [14]. 
2.2.1 Fraunhofer (far-field) diffraction 
If a lens is used to focus the light passing through the slit onto the observation 
screen as in Figure 2.1 or the screen is moved far from the slit, the diffraction 
occurring in this case is described as Fraunhofer or far-field diffraction. Joseph 
von Fraunhofer (1787-1826) was the first to investigate this type of diffraction 
[14]. 
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2.2.2   Fresnel (near-field) diffraction 
If, however, the observation screen is near the slit and no lens is used, the 
diffraction in this situation is regarded as Fresnel diffraction, after Augustin 
Fresnel (1788-1829), who explained this type of near-field diffraction [14]. 
The Fraunhofer approximation is valid only if the distance between the 
observation plane and aperture is sufficiently large so that the Fresnel number  
𝑁𝐹
′ =
𝑏2
𝜆𝑑
≪ 1 
where b is the largest radial distance within the aperture [15]. 
2.3   Diffraction Grating  
A diffraction grating can be considered as a collection of reflecting or transmitting 
elements separated by a distance comparable to the wavelength of the incident 
light under study. The simplest form of a grating is one with a large number of 
equally spaced parallel slits.  The diffraction grating is of considerable importance 
in spectroscopy, astrophysics, chemistry, telecommunications and various other 
fields of science and engineering [16].   
A diffraction grating separates the polychromatic light into its constituent 
monochromatic components. When monochromatic light falls on a diffraction 
grating, it gets diffracted into discrete directions. Diffraction from the grating is 
depicted in Figure 2.2, which shows light of wavelength λ incident on a grating at 
an angle α and diffracted along the angle βm measured form the grating normal. 
The sign convention for angles depends upon the direction of the diffracted light. 
Constructive interference occurs when the geometrical path difference between 
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light from adjacent grooves or slits is equal or some integral multiple its 
wavelength λ. At all other angles the wavelets originating from the groove facets 
will interfere destructively [16]. These relationships are represented by the grating 
equation. 
𝑑 sin(𝛼 + 𝛽) = 𝑚𝜆                                (2.1) 
 
Figure 2.2: Diffraction of light by a diffraction grating. Adapted from [16]. 
 
Generally, several integers m satisfy the grating equation and each of these 
values is called the diffraction order. For a particular wavelength λ, slit or groove 
spacing d and angle of incidence α, the grating equation (2.1) is satisfied by more 
than one diffraction angle β. In fact, there are several discrete angles at which the 
condition for constructive interference is satisfied. This happens when the path 
difference is the integral multiple of the wavelength. When path difference is 
equal to one wavelength, the positive first diffraction order (m = 1) or the negative 
first diffraction order (m = –1) is obtained. Similarly, path difference is equal to 
twice the wavelength of incident light, the positive second diffraction order (m = 
2) or the negative second diffraction order (m = –2) is obtained [16]. 
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Figure 2.3 shows the resulting diffraction pattern, which is a series of 
sharply defined, widely spaced fringes. The central fringe is known as the zeroth-
order fringe while the successive fringes on either side are called 1st order, 2nd 
order and so on. 
The intensity pattern on the screen is the result of superposition of the 
diffraction effects from each slit as well as the interference effects of the light 
from all the adjacent slits. If a helium-neon (He-Ne) laser beam is incident 
perpendicularly onto the surface of a transmission grating, a series of brilliant red 
dots is obtained similar to the diffraction spots shown in Figure 2.3. 
 
Figure 2.3: Diffraction patterns of a diffraction grating. Adapted from [16]. 
 
2.4   Elastomeric Materials 
Dielectric elastomers represent an emerging transducer technology with many 
features which are desirable for micro and nanoscale devices. These advantages 
include simplicity in fabrication, high reliability, low cost, high spatial resolution 
and shock tolerance [9]. 
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The performance of dielectric elastomers at small scales allows the 
elastomeric transducers to produce high strain, high efficiency and fast response. 
Dielectric elastomers can be integrated with both polymer and silicon substrates, 
demonstrating the variety of fabrication techniques. Several areas can benefit 
from these fabrication techniques such as microelectronics, robotics and 
microfluidics [9]. Deformable or elastomeric gratings have been used as refractive 
index sensors, microstrain sensors, photo thermal detectors [17]  and fluid 
actuators.  
Polydimethylsiloxane (PDMS) and is the most extensively used 
elastomeric material for fabrication of biochips, medical products and lubricants 
[18]. PDMS is transparent in the ultraviolet and visible range (300-800nm) and it 
can easily be molded into surface relief gratings. This silicone based elastomer is 
chemically inert, cost-efficient and most suitable for replica molding. Various 
grating sensors have been developed using PDMS such as photothermal detectors 
and force sensors [17]. 
The EGS is made by using PDMS and UV curable polymers. In 
subsequent chapters, the fabrication steps and applications of EGS are discussed. 
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CHAPTER 3 
FABRICATION AND APPLICATIONS OF 
ELASTOMERIC GRATING SENSOR 
 
3.1 Introduction 
The elastomeric grating sensor (EGS) is a multifunctional biofluid sensor 
fabricated using elastomeric materials. The sensor comprises a two-dimensional 
elastomeric grating and an optofluidic chamber. This simple, compact and low 
cost sensor can be used for real time monitoring of various biofluid parameters 
such as change in refractive index, glucose concentration, pressure and opacity of 
the biofluid. It can also detect free-solution molecular interaction in-situ such as 
blood monitoring in hemodialysis [19]. 
This chapter describes the basic fabrication technique, sensing mechanism 
and various applications of EGS in biofluid monitoring.  
3.2 Fabrication of Elastomeric Grating Sensor 
The elastomeric grating sensor (EGS) is made by integrating a two-dimensional 
(2D) grating array inside a hemispherical chamber. The sensor is fabricated using 
polydimethylsiloxane (PDMS) by replica molding technique. PDMS is 
transparent in the ultraviolet and visible range (300-800nm) and it can easily be 
molded into surface relief grating [7].  
The sensing element of the EGS is the 2D grating inside the dome 
chamber. The 2D grating is an array of pyramids fabricated by replication of 
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inverted nanopyramids.  Figure 3.1(a) to 3.1(c) describe the replication of 
nanopyramids. A commercially available inverted-pyramids array silicon 
substrate is used as the molding template as shown in Figure 3.1(a). This inverted 
pyramid array mold is created by a well-known method of using the potassium 
hydroxide (KOH) anisotropic etching followed by the photolithography [20].  
 
Figure 3.1: Grating fabrication process. (a) Inverted pyramids template. (b) Polymer molding on 
silicon template and cured by UV illumination. (c) Positive pyramids replica after getting peeled off.  
(d) SEM image of 2D gating array. (e) Photograph of EGS. Adapted from [7, 20]. 
 
PDMS with a very small amount of curing agent (1:20) and a 250µm thick 
polyethylene terephthalate (PET) sheet are used for the replication. PDMS is 
spread over the silicon template and the PET sheet is placed on top. The features 
on the positive pyramid wafer are conformed on the PET sheet when cured by UV 
illumination for 90 seconds.  After curing with UV illumination, the PET sheet is 
peeled off such that the complementary replica of the silicon template adheres to 
the PET sheet [20]. Hence the grating film of the positive pyramid is formed. 
Figure 3.1(d) is a scanning electron microscope (SEM) image of the 2D grating 
array. The thickness of the grating film is 0.1mm to make it very sensitive to 
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pressure change. To make the grating film soft, a very small amount of (1:20) 
curing agent is used [7]. 
The hemispherical chamber and microfluidic channels are also fabricated 
using PDMS by replica molding. To make them stiffer from grating film, more 
curing agent (1:5) is used [7]. Finally, the grating film and the hemispherical 
chamber are glued together to form the EGS as depicted in figure 3.1(e). 
3.3  Sensing Mechanism 
The sensing mechanism of the elastomeric grating sensor is based on diffraction 
of light from the two-dimensional grating. A photograph of the prototype sensing 
system is shown as Figure 3.2(a). The setup merely needs a laser, a screen and the 
EGS. A little alignment is required in this setup. The laser beam with wavelength 
633nm and power of 4mW passing through the 2D grating and the fluid inside the 
chamber is diffracted in both forward and backward directions.  
The laser beam diffracted in different directions forms diffraction patterns 
on the screen as shown in Figure 3.2(b).  
 
                          
Figure 3.2: (a) Photograph of diffractions sensing system. (b) Forward diffraction pattern of 2D 
grating. Adapted from [7, 19].  
(a) (b) 
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The diffraction power and the diffraction angles can be incorporated to 
measure the changes in refractive index, pressure and opacity and various other 
parameters of the fluid inside the hemispherical chamber. The experimental and 
simulation results for monitoring the aforementioned parameters are discussed in 
the following sections.  
3.4 Finite Difference Time Domain (FDTD) Simulation  
To calculate the change in the power of the forward diffraction orders with the 
change in the refractive index through simulation, the finite difference time 
domain (FDTD) method was used. In this method, Maxwell’s equations were 
solved for simulation. Commercially available simulation software, Lumerical 
FDTD Solutions, was used for this purpose. A 3D model with a large 2D array 
(17 × 17) of pyramids was built as shown in Figure 3.3(a). The pitch of the 
pyramid array is 2μm and the base lateral length of the pyramids is 1.58μm. These 
dimensions were measured with a scanning electron microscope (SEM). Due to 
potassium hydroxide (KOH) anisotropic etching, the angle between the flat plane 
(100) and inclined surface (111) is 54.7°, hence the height of the pyramid is 
1.15μm [20]. Two plane wave sources of 633 nm having the same phase with 
orthogonal polarizations were placed beneath the pyramid array as shown in 
Figure 3.3(b). Two orthogonally polarized wave sources and an unpolarized laser 
were used to get the symmetric diffraction patterns [7]. The refractive index of the 
pyramid array was set to be 1.41, the same as the PDMS. The refractive index of 
the environment was changed from 1 to 1.4. Simulation was run every time the 
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refractive index changed, to solve the diffraction pattern and power in the far 
field. 
                     
 
Figure 3.3: (a) Two-dimensional pyramid array in FDTD model. (b) Cross section of 2D pyramid array 
and two orthogonal plane wave sources. Pink arrow indicates the direction of propagation while blue 
arrow indicates the polarization. Adapted from [7]. 
           
The data retrieved from the simulation results is plotted in Figures 3.4 to 
3.6. Figure 3.4 shows the simulated diffraction angle of order 10 and order 11 
with refractive index n of the environment. As the refractive index n changes from 
1 to 1.4, the diffraction angle of order 11 drops from 28.5° to 19.3°. It can also be 
observed from Figure 3.4 that the diffraction angle of order 10 is always 
proportional to that of order 11 [7].  
 
Figure 3.4: Diffraction angles of orders 10 and 11 from FDTD simulation of diffraction pattern of 2D 
grating array with refractive indices of environment ranging from n=1 to n=1.4. Adapted from [7]. 
(a) (b) 
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 Figure 3.5 shows the simulated power of diffraction orders 10 and 11. An 
interesting result observed in Figure 3.5 is that the diffraction powers of both 
orders 10 and 11 have maxima around n =1.1.  Also, the powers of both orders 10 
and 11 first increase then decrease. The reason for this trend is that there is a 
competition between diffraction and transmission. For small value of refractive 
index n, when it is far from that of PDMS (1.41), the reflection at the interface of 
the environment and PDMS grating is dominant due to an abrupt change in 
refractive index. Hence diffraction power increases with increase in refractive 
index n. When n is high, the weakening of the grating effect becomes dominant, 
hence the diffraction power decreases with increase in refractive index n of the 
environment [7].  
 
Figure 3.5: Diffraction powers of orders 10 and 11 from FDTD simulation of diffraction pattern of 2D 
grating array. Adapted from [7]. 
 
The maxima are around n =1.1, where the reflection and diffraction effects 
switch their dominance. Figure 3.6 shows that the diffraction power of order 00 
increases monotonically as n increases. In this case, both reflection and diffraction 
contribute to the increase in the diffraction power.  
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Figure 3.6: Diffraction powers of orders 00 from FDTD simulation of diffraction pattern of 2D grating 
array. Adapted from [7]. 
 
As n approaches 1.41, the diffraction decreases and the transmission 
increases so more light is transmitted through this nondiffracted order 00. The 
rapid power drop of the diffraction orders 10 and 11, as shown in Figure 3.5, 
demonstrates the high sensitivity of the EGS for refractive index measurement 
[7]. All these simulation results were verified experimentally. The experimental 
results are discussed in section 3.5. 
3.5 Applications of Elastomeric Grating Sensor  
The elastomeric grating sensor is a multifunctional biofluid sensor with enormous 
potential for various clinical applications.  Some of these applications, such as 
refractive index monitoring, pressure sensing, monitoring glucose concentration, 
are discussed in this section.  
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3.5.1 Refractive index monitoring 
 
Refractive index is one of the most significant characteristics of a material. 
Monitoring change in refractive index has various applications in environmental 
monitoring, medicine and biosensing [21].  Several techniques have been 
established in this regard.  The EGS can monitor refractive index of the fluid by 
observing the changes in the power and the diffraction angle of the diffracted light 
from its sensing area.  Figure 3.7(a) is a schematic diagram of the diffraction 
sensing system.  The laser beam with wavelength 633nm and power of 4mW 
passing through the 2D grating and the fluid inside the chamber is diffracted in 
different directions and forms a diffraction pattern on the screen as shown in 
Figure 3.7(b).  The order 00 is the direct transmission; the 4 orders neighboring to 
the order 00 to its left, right, upside, downside are referred to as order 10; the 4 
orders on the diagonals outside order 10 are referred to as order 11 [19]. Using the 
grating equation for one dimensional grating as given by 
                            𝑛𝑑 sin 𝜃 = 𝑚𝜆                                             (3.1) 
From equation (3.1) it is evident that by keeping wavelength and grating 
constant fixed, the diffraction angle would depend upon the refractive index of the 
fluid inside the hemispherical chamber. So from the forward diffraction pattern 
the refractive index of the fluid can be calculated. The diffracted power was 
measured using a Thorlabs GmbH S130C kit with photodetector and power meter. 
The hemispherical shape of the dome chamber ensures normal incidence of the 
diffracted light onto the interface, otherwise the beam would be refracted at a 
different angle [7].    
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Figure 3.7: (a) Schematic diagram of diffraction sensing system. (b) Forward diffraction patterns of 
EGS with air, water and solutions with glucose concentrations of 10%, 20%, 30% and 40%. Adapted 
from [7]. 
 
To monitor the refractive index, the glucose solutions with 10%, 20%, 
30% and 40% concentrations were prepared. The refractive index of glucose 
solutions is given in [22] and tabulated in Table 3.1. These solutions were injected 
into the optofluidic hemispherical chamber of the EGS and the diffraction patterns 
were recorded.  
Table 3.1   Refractive index of glucose solutions with different concentrations 
 
 
 
It was observed that the diffraction angles and the power of the diffraction 
orders change with the change in glucose concentration. Figure 3.7 (b) shows the 
Glucose concentration Refractive index 
Air 1 
0% 1.333 
10% 1.348 
20% 1.364 
30% 1.381 
40% 1.4 
50% 1.42 
(a) (b) 
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diffraction pattern of the sensor when filled with air, water and glucose solutions. 
Figure 3.8 (a) demonstrates the variation of diffraction angle of order 11 for the 
EGS device containing glucose solution with concentration from 0% to 30%, 
while Figure 3.8 (b) plots average power of diffraction orders 10 and 11 for 
glucose solution with concentration from 0% to 30%. From Figure 3.8 (a) and 
Figure 3.8(b), it is evident that as the concentration of glucose (refractive index of 
solution) increases, the powers of the diffraction orders decrease. At 40% 
concentration, the diffraction orders 11 and 10 almost disappear because the 
refractive index of the solution nears that of PDMS (n=1.41).  All the experiments 
were performed at room temperature (25
 o
C).  
From Figure 3.8(a) and 3.8(b), it is observed that using diffraction power 
to monitor change in refractive index gives higher sensitivity than using 
diffraction angle.  
 
 
Figure 3.8: (a) Diffraction angle of order 11. (b) Average power of diffraction orders 10 and 11 for 
EGS device containing glucose solutions of different concentrations. Adapted from [7]. 
 
By measuring the percentage change of power and diffraction angle for 
n=1.333 to n=1.381, it was calculated that the sensitivity of using power to 
(a) (b) 
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monitor change in refractive index is 2075%/RIU (refractive index unit) while 
that calculated using diffraction angle is 193.3%/RIU [7].  
3.5.2 Monitoring glucose concentration  
Glucose is one of the most significant carbohydrate nutrient sources.  It is 
fundamental to almost every biological process. Quantification and detection of 
glucose concentration are important in the control and regulation of cell culture, 
monitoring of agricultural products and diagnosis of diseases such as diabetes [2]. 
The EGS can be used to monitor glucose concentration in a liquid solution 
in the presence of other molecules. To investigate, this glucose was mixed in 
phosphate buffer saline (PBS) solution. PBS is a water based buffer solution 
containing sodium chloride and sodium phosphate. It is frequently used in 
biological research. Glucose solutions with 10%, 20%, 30% and 40% 
concentration were prepared with 10x(0.1M), 1x(0.01M) and 0.1x(0.001M) of 
PBS. These solutions were injected into the EGS and the diffraction patterns were 
recorded. From Figure 3.8 and Table 3.1, it was learned that the power of the 
diffraction order 10 and 11 is the most sensitive parameter that changes with the 
refractive index. So the change in power of diffraction order 11 and 10 was 
measured.  
Figure 3.9 shows the power of diffraction order 11 and 10 with solution 
having different concentration of glucose and PBS. For the constant concentration 
of PBS, the power of diffraction pattern decreases as the refractive index 
increases. Also, for the constant concentration of glucose, the diffraction power 
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reduces with increase in PBS concentration, hence the presence of glucose can be 
observed even in the presence of other molecules [7].  
 
Figure 3.9: Power and corresponding refractive index of diffraction order (a) 10 and (b) 11 for glucose 
in PSB solutions with different concentrations. Adapted from [7]. 
3.5.3 Pressure sensing  
 
The EGS can be used for miniature pressure sensing applications. Pressure can be 
monitored using elastomeric 2D grating by its backward diffraction patterns. The 
backward diffraction patterns are not affected by the refractive index of the fluid 
inside the chamber.  Figure 3.10 is a schematic of pressure sensing setup using the 
EGS.  
 
Figure 3.10: Schematics of pressure monitoring system. Adapted from [7]. 
(a) (b) 
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To monitor the pressure, a commercial pressure sensor was connected in 
series with the EGS device, so that both devices undergo equal pressure. A 
syringe is also connected to control the input pressure. To measure the pressure by 
EGS, a photodiode was placed in front of the backward diffraction screen. The 
power was measured by a PM130D Thorlab power meter. When pressure 
changes, the grating gets deformed and the diffraction patterns shift. Hence, by 
measuring the power of backward diffraction patterns, minor changes in pressure 
can be detected by the EGS. It was observed that the EGS can measure the 
pressure with sensitivity of 5μW∕psi for small pressure changes [7]. Hence the 
EGS performs better than the commercial sensor for the detection of small 
pressure changes.    
3.5.4 Fluid actuation 
 
When pressure is applied and released, the grating chamber gets deformed. Due to 
the deformation, the spacing between the pyramids is changed, which causes the 
grating to bend downwards as shown in Figure 3.11(b). The grating before 
deformation is shown in Figure 3.11(a). 
The bending curvature is exaggerated for visual reasons; the length of the 
deformed grating can be expressed as [23] 
𝑠 = 𝑅𝜙 = 𝑅𝑐𝑜𝑠−1 (1 −
2𝑟𝑜
2
𝑅2
)                                        (3.2) 
Figure 3.7(b) indicates all the parameters in equation (3.2). The angle 𝜙 is 
written in terms of aperture radius ro and the radius of curvature R.  
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Figure 3.11: (a) Cross section of the initial grating membrane before fluid injection. (b) Cross section of 
the deformed grating. Adapted from [7]. 
                                      
We assume that the length of the segment before deformation is 𝑠𝑜 and 
grating constant is d0.  When additional fluid is injected, the grating gets 
deformed and bends downward [2]. Hence, the effective spacing ds between 
adjacent pyramids is modified by actuation as given by [23] 
𝑑𝑠= 
𝑠
𝑠𝑜
𝑑𝑜                                                         (3.3) 
In equation (3.3) the ratio between 𝑠 and 𝑠𝑜 represents strain. Assuming 
strain to be constant across the grating, from equation (3.3) it is evident that the 
grating constant is altered by fluid actuation and the diffraction patterns are 
shifted [7].  
3.5.5 Free solution protein antigen and antibody binding 
 
So far, the capability of an EGS for sensing a refractive index and monitoring 
pressure change and fluidic actuation has been demonstrated. The EGS can also 
be used for biofluid monitoring. To demonstrate this, free solution antigen and 
antibody binding was performed.  “Free solution” means that there is no surface 
functionalization required as the binding happens inside the fluid, not on the 
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surface. The bovine serum albumin (BSA) and anti-BSA immunoglobulin (IgG) 
solutions were used as antigen and antibody with concentration of 10μM for both. 
Two syringes, one for BSA and the other for IgG, were connected by a Y 
connecter for binding to happen before the fluid enters the optofluidic chamber of 
the EGS. To monitor the antigen-antibody binding, power of forward diffraction 
order 10 was measured. The experiment was performed at 37°C (the optimal 
binding temperature). 
Figure 3.12 shows the change in power before and after binding, which 
happens at around 60 seconds. A rapid drop from 12.7 to 12μW power of 
diffraction order 10 indicates a sudden rise in the value of refractive index and 
then a steady state in the fluid’s refractive index [7]. 
 
Figure 3.12: Monitoring BSA and anti-BSA IgG binding with an EGS. Adapted from [7]. 
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CHAPTER 4 
 
OPACITY AND REFRACTIVE INDEX 
MEASUREMENT 
 
4.1 Introduction 
As described in the previous chapter, the elastomeric grating sensor (EGS) can 
monitor the changes in refractive index, glucose concentration and pressure and of 
the biofluid. It can also be used to detect free-solution molecular interaction in-
situ. The previous design of the EGS was modified by using a higher refractive 
index polymer rather than PDMS. It was confirmed by the simulation and 
experimental results that the new sensor has two major improvements as 
compared to the previous one. The first improvement is the broader dynamic 
measurement range of refractive index sensing and the other is the separation of 
refractive index and opacity sensing [19].  
The ultimate goal of the design modification is to reduce the cost of 
clinical monitoring of biofluids with this simple, cost effective and compact 
sensor. This chapter describes the details of the improvement in design of the 
EGS which includes the fabrication steps, simulation and experimental results for 
the modified EGS.  
4.2 Design Modification 
The EGS is not only very simple but also very compact and cost effective. This 
sensor requires neither complex equipment nor strenuous alignment. The design 
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of the EGS and the method of interpreting data were modified. The diffraction 
grating and the fluid chamber were fabricated using colorless and transparent 
ultraviolet (UV)-curable polymer (Norland NOA61, RI = 1.56) of higher 
refractive index. The grating was made by using the nanoreplication described in 
Chapter 3 with a commercially available inverted-pyramids array silicon substrate 
as the molding template [20]. 
Two major advancements were made by redesigning the sensor and 
changing the method of interpreting data. First, it was observed by numerical 
simulation that the most sensitive refractive index (RI) sensing range can be 
shifted to the range of desired interest by increasing the refractive index of the 
grating material. It was then verified experimentally by using polymer of higher 
refractive index for the grating fabrication [19]. 
Secondly, the data interpretation technique was modified, as previously 
the diffraction power and angle were used to monitor the change in refractive 
index. The relative power ratio between different transmission diffraction orders 
was used for RI sensing while absolute power was used for opacity sensing. By 
using this data interpretation technique, the refractive index and opacity sensing 
were separated. This also improved the reliability of RI sensing [19].  
 
4.3 Operation 
The operation is similar to that described in Chapter 3. The sensing principle of 
the diffraction sensor is based on diffraction patterns of the 2D grating. The setup 
merely needs a laser pointer, a screen and the EGS as shown in Figure 4.1. No 
strenuous alignment is needed in this setup. The two-dimensional gating in the 
center of the hemispherical fluid chamber is the basic sensing element. The 
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diffraction grating and the fluid chamber were fabricated using colorless and 
transparent ultraviolet (UV)-curable polymer (Norland NOA61, RI = 1.56).  
 
Figure 4.1: Schematic diagram of diffraction sensing system. Adapted from [19]. 
 
The laser beam passing through the diffraction grating gets diffracted in 
different directions and forms a diffraction pattern on the screen as shown in 
Figure 4.2. The order 00 is the direct transmission; the 4 orders neighboring to the 
order 00 to its left, right, upside, downside are referred to as order 10; the 4 orders 
on the diagonals outside order 10 are referred to as order 11 [19]. The diffracted 
power was measured with Thorlabs GmbH S130C kit with photodetector and 
power meter.  
         
Figure 4.2: Photograph of transmission diffraction pattern. Adapted from [19]. 
 
The diffraction angle can be determined by the grating equation  
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𝑛𝑑 sin 𝜃𝑚 = 𝑚𝜆                                        (4.1) 
From equation (4.1) it is evident that for a fixed grating constant d, 
wavelength λ and diffraction order m, the diffraction angle m depends on the RI 
of the liquid inside the fluid chamber. With the previous design of the sensor 
described in Chapter 3, it was proved that diffraction angle can also be used to 
monitor the refractive index, but using diffraction power to monitor refractive 
index is more sensitive.  
4.4 Shifting the Most Sensitive Region of Refractive Index 
Sensing 
 
When the grating is made of PDMS (refractive index n = 1.4), the diffraction 
pattern become invisible and the sensitivity drops when the refractive index (RI) 
of the liquid goes above 1.38, as discussed in Chapter 3. This is due to the 
weakening of diffraction power as the refractive index of the liquid approaches 
that of the material of the diffraction grating. Therefore, in order to get the 
stronger diffraction, it is desired to use the diffraction grating with higher-RI 
polymer [19]. 
Finite-difference time domain (FDTD) simulation was used to investigate 
the effect of change in the RI of the grating on the sensitivity of the sensor. Figure 
4.3 shows the pyramid array of the grating in the FDTD model. The forward 
diffraction patterns were calculated in the far field for an incident wave on the 
pyramid array from the bottom. Two wave sources with the same propagation 
direction and phase but orthogonal polarizations were inserted in order to make 
the diffraction pattern symmetrical [19].  
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Figure 4.3: Pyramid array in FDTD model. Adapted from [19]. 
 
Figure 4.4 (a-c) display the simulated power intensity of the diffraction 
orders 11, 10 and 00, respectively, at different RI of polymer grating and liquid. 
The simulated power intensity for a diffraction order is a unit less quantity and 
taken as the locally maximal intensity of electric field for that diffraction order. 
Each curve represents change in power with the increase in RI of liquid at one 
fixed value of RI of the grating. It can be observed that the relation between the 
diffraction power and the RI of the liquid is neither linear nor monotonic. For 
example, take grating RI = 1.4, for which order 11 (Figure 4.4(a)) and order 10 
(Figure 4.4(b)) share the same trend. The most suitable region for RI sensing, 
which is the most linear and has the highest slope, is from RI = 1.2 to 1.3. As the 
grating RI increases to 1.55, the operating RI region moves to the range from 1.3 
to 1.5. Hence it is reasonable to shift the operating RI region to this range as most 
biofluids, such as blood serum have refractive index ranging from 1.3 to 1.4 [20]. 
For any grating RI, operating RI is found to be the liquid RI range where the slope 
is the highest for each grating RI [19]. This is the most sensitive region for 
sensing of liquid RI at different RI of grating, as plotted in Figure 4.4(d).  
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Figure 4.4: Simulation results for transmission diffraction power of (a) order 11, (b) order 10 and (c) 
order 00. (d) most sensitive region for sensing of RI of liquid at different RI values of grating. Adapted 
from [19]. 
 
In order to verify the shifting of operating region of refractive index 
experimentally, the diffraction grating and the fluid chamber were fabricated 
using colorless and transparent ultraviolet (UV)-curable polymer (Norland 
NOA61, RI = 1.56) and with PDMS (RI = 1.4). Sucrose solutions with different 
concentrations as liquid with different RI were prepared. The relationship 
between the RI and concentration of sucrose solution can be found in the Cell 
Biology Laboratory Manual [21].  To investigate the effect of absorption and 
opacity on refractive index sensing, a dye called “brilliant green” was mixed with 
the sucrose solutions for different absorptions. The concentration of brilliant 
(a) (b) 
(c) (d) 
35 
 
green represents the absorption. Solutions with different concentrations of sucrose 
and green dye were injected into the optofluidic chamber of the EGS and 
diffraction patterns were recorded. The results are plotted in Figures 4.5 and 4.6. 
The diffraction powers measured at four diffraction spots were averaged and the 
standard deviations were calculated for orders 10 and 11. In both Figures 4.5(a-c) 
and 4.6(a-c), dots represent the mean values and error bars represent standard 
deviation of multiple measurements. Also, in Figures 4.5(a-c) and 4.6(a-c), black 
dots represent colorless solution, red dots represent the solutions containing 1μM 
brilliant green, green dots represent solutions containing 5μM brilliant green and 
similarly blue dots stand for 10μM brilliant green and cyan dots stand for 30μM 
brilliant green [19]. 
Figure 4.5(a-c) show diffracted power of order 11, order 10 and order 00 
respectively for the grating refractive index of 1.4. Figure 4.6(a-c) show diffracted 
power of order 11, order 10 and order 00 respectively for the grating refractive 
index of 1.56.  
Comparing Figures 4.5(a,b) with Figures 4.6(a,b), it is evident that for 
grating RI = 1.4, the powers of orders 11 and 10 first decrease and then increase 
as liquid RI increases and reaches the minimum around liquid RI = 1.4, while for 
grating RI = 1.56, the powers of orders 11 and 10 decrease monotonically and 
almost linearly as liquid RI increases. These experimental results completely 
match with the simulation data shown in Figure 4.4(a,b), but the sensitivity for 
grating with RI = 1.56 appears to be lower than that for grating with RI = 1.4 [19]. 
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In case of clear solutions for order 10 (black dots in Figure 4.5(a) and 4.6(a)), for 
liquid RI from 1.33 to 1.4 and for grating RI = 1.4, the power drops by 81.92% 
while for grating with RI = 1.56, the power drops by 32.64%. The relative 
sensitivity for grating RI=1.4 is computed as 1228.2%/RIU while that for grating 
 
 
 
Figure 4.5: Diffraction power using liquid with different RI (concentration of sucrose) and absorption 
(concentration of brilliant green). (a-c) Results with grating RI = 1.4(PDMS), (a) power of order 11(b) 
order 10and (c) order 00 changing with liquid RI (x-axis) and different absorptions.  Adapted from 
[19]. 
(a) 
(b) 
(c) 
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with RI = 1.56 is calculated as 489.36%/RIU in the liquid RI region from 1.33 to 
1.4.  Hence, it is concluded that by increasing the grating RI from 1.4 to 1.56, the 
dynamic range is increased but with the tradeoff of getting lower sensitivity [19].  
 
 
 
Figure 4.6:  Diffraction power using liquid with different RI and absorption. (a-c) Results with grating 
RI = 1.56(NOA 61), (a) power of order 11(b) order 10 and (c) order 00 changing with liquid RI(x-axis) 
and different absorptions. Adapted from [19]. 
(a) 
(b) 
(c) 
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4.5 Separation of Opacity and Refractive Index Sensing 
It can be observed from Figures 4.5 and 4.6 that as the opacity (concentration of 
brilliant green) of the liquid increases, the diffraction power drops, which means 
that opacity of the liquid interferes the RI sensing, if the absolute diffraction 
power is used for RI sensing. It is also evident form Figures 4.5 and 4.6 that for 
the same opacity, diffraction orders 11, 10 and 00 get attenuated in almost equal 
proportionality. So if the power ratio of two different orders is used for RI 
sensing, the interference by the opacity is eliminated. Actually, that is why the 
fluid chamber was designed to be hemispherical, so different diffracted beams 
travel the same distance before hitting the wall of the chamber. Consequently, 
different diffraction orders get equally attenuated in the hemispherical chamber 
[19].  
As order 11 and order 10 exhibit the same trend, the diffraction powers of 
order 11 and order 10 are divided by that of order 00 and the results are plotted in 
Figure 4.7 and 4.8. For grating RI = 1.4, power ratios of order 11 to order 00 and 
order 10 to order 00 with different opacity are plotted  in Figure 4.7(a) and 4.7(b).  
 
 
Figure 4.7: Power ratio of (a) order 11 to order 00 and (b) order 10 to order 00 with grating RI=1.4 
(PDMS). Adapted from [19]. 
(a) (b) 
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For grating RI = 1.56, the power ratios of order 11 to order 00 and order 
10 to order 00 at different opacity are plotted in Figures 4.8(a) and 4.8(b), 
respectively. As anticipated, for either grating  RI = 1.4 or 1.56, the curves of 
power ratios at different opacities are very close to each other, excluding the 
highest opacity (30 μM brilliant green). The reason for the inconsistency at 30μM 
brilliant green is possibly due to very dim light at such high opacity. Hence it is 
proved that, at least at low opacity, the RI can be computed by taking the power 
ratio of different diffraction orders without any interference from opacity. After 
RI is computed by power ratio, absolute power can be used to find the opacity of 
the liquid [19].  
 
Figure 4.8: Power ratio of (a) order 11 to order 00 and (b) order 10 to order 00 with grating RI = 1.56 
(NOA 61).  Adapted from [19]. 
 
Hence two major improvements on the EGS have been demonstrated by 
both simulation and experiment. The first improvement is shifting and broadening 
the dynamic measurement range of refractive index by making the grating using 
the polymer with higher refractive index. The other improvement is separating the 
RI sensing and opacity sensing by taking the power ratio between different 
diffraction orders and using the absolute power for opacity sensing [11]. 
(a) (b) 
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CHAPTER 5 
 
DISCUSSION AND FUTURE WORK 
 
In the previous chapters, the capability of the elastomeric grating sensor (EGS) 
for sensing refractive index, pressure and opacity has been demonstrated. This 
sensor is useful for real time monitoring of glucose concentration, refractive 
index, pressure and opacity of the fluid. The EGS discussed  in the thesis is not 
only very simple but also compact and low-cost, such that it has potential for a 
wide variety of applications in in-situ biofluid monitoring, for example, blood 
monitoring in hemodialysis. In this final chapter the work described in the thesis 
is summarized, followed by some recommendations for future applications of 
EGS. 
5.1 Summary 
A prototype of a multifunctional optical optofluidic sensor is demonstrated. The 
sensing mechanism of the sensor is based on diffraction patterns.  The sensor 
consists of an elastomeric two-dimensional grating and a semispherical 
optofluidic chamber. The fabrication and applications of the EGS are described. 
Finite difference time domain (FDTD) simulation was used to investigate the 
sensing mechanism. This sensor can be used to monitor the change of the 
refractive index and pressure of the biofluid with high sensitivity. The 
concentration of glucose can be dynamically monitored in the presence of other 
molecules with the help of this sensor.  
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Two major improvements were made on the EGS, which were also 
demonstrated both by simulation and experiments. The first improvement is 
shifting and broadening of the dynamic measurement range of refractive index by 
using polymer with higher refractive index for the grating fabrication. The other 
improvement was that the refractive index (RI) sensing and opacity sensing can 
be separated by taking the power ratio between different diffraction orders for RI 
sensing, then using the absolute power for opacity sensing.  
The EGS can also be used in more advanced biological experiments as it 
has been tested with bovine serum albumin (BSA) and anti-BSA experiment. 
These future prospects of EGS are briefly described. 
5.2 Future Work 
The EGS can be used for biofluid monitoring; to demonstrate this, free solution 
protein antigen and antibody binding was performed. This binding experiment 
proves that the EGS can be used in more advanced biological experiments. This 
sensor will be tested for specialized biological experiments such as enzyme linked 
immunosorbent (ELISA) assay and DNA hybridization [7]. The EGS will also be 
useful for highly sensitive temperature measurements.  
5.2.1 DNA hybridization 
 
Due to rapid and continuous growth in nanobiotechnology during the recent years, 
the focus of current research is to develop new methodologies for the DNA 
hybridization and analysis of DNA sequences. Nanoprobes and innovative 
nanomaterials can boost the state of the art in DNA analysis by reducing the cost 
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and time, while preserving the sensitivity and specificity of current techniques 
[24]. The diffraction grating sensors have been used for DNA detection and 
hybridization. A combination of the surface-bound nanoparticle probe-based 
assay with the diffraction grating signal transduction scheme for DNA detection 
has been incorporated in this regard [13]. This diffraction grating based detection 
methodology can be used for DNA detection and DNA hybridization with the 
elastomeric grating sensor. 
 The attributes of diffraction grating based detection methodologies 
include the high sensitivity and selectivity, as well as the experimental simplicity. 
Furthermore, this grating-based methodology is amenable to miniaturization as it 
only needs a simple, inexpensive laser source and small photodiode detectors for 
device construction. Significantly, this method allows the real-time observation of 
DNA hybridization on surfaces with very good sensitivity [13].  
5.2.2 Enzyme-linked immunosorbent assay (ELISA) 
 
Enzyme-linked immunosorbent assay (ELISA) is the most widely used diagnostic 
tool in biomedical research for the detection and quantification of various antigen 
and antibodies in a sample. ELISA uses antigen antibody binding to detect very 
low  concentrations of antigens such as peptides, hormones and proteins or 
antibody in the given sample fluid  [25]. 
The EGS has been tested with free solution protein antigen, and antibody 
binding was performed; therefore, it can be tested with ELISA. Hence the EGS 
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will be useful to detect low concentrations of antigens or antibody in the sample 
fluid. 
5.2.3 Temperature sensing 
 
Change in temperature is an important parameter which can disturb the diffraction 
pattern of the EGS. It is therefore possible to use the EGS as a highly sensitive 
temperature sensor. The change in temperature affects not only the density and 
refractive index of the grating but also the pressure and refractive index of the 
liquid inside the chamber. So the characterization of temperature is a very 
complicated.  To characterize the effect of temperature, a different system using a 
copper hot plate will be developed [7]. This will enable the EGS to serve in highly 
sensitive temperature measurements. 
5.2.4 Novel design and data interpretation techniques 
The EGS can be used for efficient monitoring of various fluid parameters with 
greater sensitivity, as discussed in the previous chapters. But this high sensitivity 
is vulnerable to ambient disturbance, especially during pressure measurement; 
therefore, in future designs it would be made more immune to the ambient 
disturbances by using more rigid materials in making parts other than the 
diffraction grating [7]. 
Several improvements in the data acquisition and interpretation can be 
incorporated in future designs. For this purpose the USB camera will be used to 
capture the images of diffraction patterns of the EGS. Various image processing 
techniques can be used on these images for efficient interpretation of diffraction 
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power and diffraction angles. This will certainly improve the accuracy of the 
measurements of change of refractive index and pressure, etc. 
The ultimate goal of this research is to make the EGS useful for clinical 
applications. Furthermore, this research aims to reduce the cost and complexity of 
the clinical monitoring of blood in hemodialysis by using this simple and low cost 
sensor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
45 
 
REFERENCES 
1. Malik, P., et al., Nanobiosensors: Concepts and Variations. ISRN 
Nanomaterials, 2013. 2013: p. 9. 
2. Vo-Dinh, T., Biomedical Photonics Handbook. 2003: CRC Press. 
3. Sagadevan, S. and M. Periasamy, Recent trends in nanobiosensors and 
their applications-a review. Rev. Adv. Mater. Sci, 2014. 36: p. 62-69. 
4. Mignani, A.G. and F. Baldini, Biomedical sensors using optical fibres. 
Reports on Progress in Physics, 1996. 59(1): p. 1. 
5. Fan, X., et al., Sensitive optical biosensors for unlabeled targets: A 
review. Analytica Chimica Acta, 2008. 620(1–2): p. 8-26. 
6. Mukundan, H., et al., Waveguide-based biosensors for pathogen detection. 
Sensors, 2009. 9(7): p. 5783-5809. 
7. Xu, Z., et al., Elastomeric 2D grating and hemispherical optofluidic 
chamber for multifunctional fluidic sensing. J. Opt. Soc. Am. A Opt. 
Image. Sci. Vis., 2013. 30(12): p. 2466-72. 
8. Misra, M., The basics of hemodialysis equipment. Hemodialysis 
International, 2005. 9(1): p. 30-36. 
9. Carpi, F., Dielectric elastomers as electromechanical transducers : 
fundamentals, materials, devices, models and applications of an emerging 
electroactive polymer technology. 2008, Amsterdam and Boston: Elsevier.  
10. Tsay, Y.G., et al., Optical biosensor assay (OBA). Clinical Chemistry, 
1991. 37(9): p. 1502-5. 
11. Goh, J.B., R.W. Loo, and M.C. Goh, Label-free monitoring of multiple 
biomolecular binding interactions in real-time with diffraction-based 
sensing. Sensors and Actuators B: Chemical, 2005. 106(1): p. 243-248. 
12. St. John, P.M., et al., Diffraction-based cell detection using a 
microcontact printed antibody grating. Analytical Chemistry, 1998. 70(6): 
p. 1108-1111. 
46 
 
13. Bailey, R.C., et al., Real-time multicolor DNA detection with 
chemoresponsive diffraction gratings and nanoparticle probes. Journal of 
the American Chemical Society, 2003. 125(44): p. 13541-13547. 
14. Roychoudhuri, C. and Society of Photo-optical Instrumentation Engineers, 
Fundamentals of photonics, in Tutorial texts in optical engineering TT79. 
2008, SPIE: Bellingham, Wash.  
15. Saleh, B.E.A. and M.C. Teich, Fundamentals of Photonics. 2013: Wiley. 
16. Palmer, C.A., Diffraction Grating Handbook. 2002: Richardson Grating 
Laboratory. 
17. Rogers, J.A., et al., Elastomeric diffraction gratings as photothermal 
detectors. Applied Optics, 1996. 35(34): p. 6641-6647. 
18. Jiang, K., et al., Microfluidic synthesis of monodisperse PDMS 
microbeads as discrete oxygen sensors. Soft Matter, 2012. 8(4): p. 923-
926. 
19. Xu, Z., et al., Liquid refractive index sensing independent of opacity using 
an optofluidic diffraction sensor. Optics Letters, 2014. 39(20): p. 6082-
6085. 
20. Xu, Z., et al., Nanoreplicated positive and inverted submicrometer 
polymer pyramid array for surface-enhanced Raman spectroscopy. 
Journal of Nanophotonics, 2011. 5(1): p. 053526-053526-11. 
21. Xing, F., et al., Sensitive real-time monitoring of refractive indexes using a 
novel graphene-based optical sensor. Sci. Rep., 2012. 2: p. 908. 
22. Lide, D.R., CRC Handbook of Chemistry and Physics, 85th Edition. 2004: 
Taylor & Francis. 
23. Guerrero, R.A., S.J.C. Oliva, and J.M.M. Indias, Fluidic actuation of an 
elastomeric grating. Applied Optics, 2012. 51(24): p. 5812-5817. 
24. Zaffino, R.L., M. Mir, and J. Samitier, Label-free detection of DNA 
hybridization and single point mutations in a nano-gap biosensor. 
Nanotechnology, 2014. 25(10): p. 105501. 
25. Gan, S.D. and K.R. Patel, Enzyme immunoassay and enzyme-linked 
immunosorbent assay. J. Invest. Dermatol., 2013. 133(9): p. e12. 
